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(PV) panels, wind turbines, fuel cells, microturbines, and reciprocating internal combustion engines with generators. 
These systems may be powered by either fossil or renewable fuels. Some types of DG can also provide combined 
heat and power production by recovering some of the waste heat generated by the source, such as a microturbine [1], 
[2].The cooperation of those units with storage devices to meet controllable loads constitutes a Microgrid.  
The benefits from the development of Microgrids are numerous and arise mostly from the use of renewable 
energy resources (RES) and new technologies with Combined Heat and Power production (CHP). The most 
important are the reduction in cost and emissions and the power quality and reliability (PQR) by supporting voltage 
and reducing voltage dips. Power quality impact regarding harmonic distortion, voltage flickers or voltage 
unbalance have been and are studied and proposed methodology for analyzing, evaluating and possible ways to 
combat them are inductively presented in [4,5,6]. Microgrids can also provide additional benefits to the local utility 
by providing dispatchable power for use during peak power conditions and alleviating or postponing distribution 
system upgrades [7,8]. 
By installing a CHP unit, it was possible to cover electrical and at the same time heating loads without burning 
extra fuel. RES supply the Microgrid with emission-free energy. Reducing the capital cost of storage technologies, 
could also contribute in meeting the load more economically. All the installed technologies are situated close to the 
load and so the transmission losses are almost eliminated. The latter combined with the fact that in Microgrids more 
advanced technologies are used than in the macrogrid leads to PQR benefits. 
DER-CAM (Distributed Energy Resources-Customer Adoption Model) is used to model those systems, which 
was developed in Berkeley National Laboratory and is continuously developing. It is mainly an optimization code 
written in Generic Algebraic Modeling System (GAMS), in which data for the load as well as techno-economical 
data for the available equipment are imported and the most economical solution to meet the load is exported [9]. 
To revile the effects of DG and storage technologies a lot of scenarios were created, involving various 
combinations of the available technologies. The effects of carbon taxation were also examined in order to find a 
solution that would ensure the biggest reduction in carbon emissions. The purpose of this study is to highlight the 
benefits of using distributed energy resources and electricity storage technologies from economic but also 
environmental viewpoint. The optimization model gives both the most economically attractive combination of 
technologies and their operating schedule in order to minimize the total cost for Microgrid’s energy supply. 
As for the load, the model uses real data from a hotel located in the center of Athens. Electricity prices are 
obtained from the Public Electricity Corporation of Greece (DEI) [10] and natural gas prices from the Gas Supply 
Company in Athens (EPA) [11]. The data for the available technologies are taken from previous studies [9]. 
2. Methodology 
The optimization code was written and executed in Generic Algebraic Model (GAMS). The objective function to 
be minimized is the annual cost of providing energy services to the site, through either utility electricity and gas 
purchases, or DER operation (or a combination of both) for the test year. The objective function value is an annuity 
based on the estimated annual costs of electricity purchases, gas purchases, operating and maintenance costs and the 
amortized costs of DER equipment [12,13].  
Typical inputs to the model are the consumer’s load profile (hourly annual energy consumption for electricity 
only, cooling, heating and natural gas only loads), the tariffs of utility electricity and gas purchases and techno-
economical data for the available technologies. The outputs include the optimal DG and storage adoption and an 
hourly operating schedule, as well as the resulting costs, fuel consumption, and carbon emissions. 
A key constraint included in the model is that energy demand for each hour must be met by the purchase of 
energy from utilities, operation of any technology or set of technologies selected by the model, or a combination of 
purchase and on-site generation. In addition, all environmental rules must be obeyed, and equipment capabilities 
must not be exceeded [12].  
This study focuses on modeling the electricity storage technologies. Storage constrains are basically energy 
balance constrains. The amount of energy in a storage device at the beginning of a time period is equal to the 
amount available at the beginning of the previous time period plus energy charges and minus energy 
discharges/losses [14]. The difficulty in modeling storage technologies is that they require optimization across 
multiple time steps.  
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1. ‘Do nothing’, all DER technologies are disallowed and the site meets its energy demand from the grid 
2. ‘DER+CHP+STORE’, electricity storage and DG technologies with CHP are included 
3. ‘DER+STORE’, the same as S2 but here available DG technologies are not able to cogenerate 
4. ‘DER’, the same as S3 but without electricity storage technologies 
5. ‘DER+CHP’, the same as S2 but without electricity storage technologies 
6. ‘STORE’, only electricity storage is available and the site purchases all the energy needed from the grid 
Table 1. Annual results. 
 S1 S2 S3 S4 S5 S6 
 Do nothing DER+CHP+STORE DER+STORE DER DER+CHP STORE 
Equipment 
DG technologies - Bowman50 (x13) 400FGG4 400FGG4 Bowman50 (x13) 
- 
Installed power (kW)  650 400 400 650  
Electricity generation (MWh)  3971.66 339.36 338.1 3961.3  
CHP (heating loads) (MWh)  6294.82 - - 6292.43  
CHP (cooling loads) (MWh)  0 - - 0  
Electricity storage (MWh) IN  33.64 54.26 - - 88 
Electricity storage (MWh) OUT  18.56 31.16   48 
Battery Capacity (kWh)  102.7 154.58   273.76 
Purchased load (MWh) 
Electricity 8627.6 4671 8311.34 8289.5 4666.28 8667.6 
Natural gas 6428.5 133.7 6428.5 6428.5 136.09 6428.5 
Total energy demand (MWh) 
Energy 15056.1 15056.1 15056.1 15056.1 15056.1 15056.1 
Emissions (tn) 
CO2 9126.17 6337.21 9062.12 9041.65 6327.98 9162.17 
Annual costs (k€) 
Electricity purchased 662 349.64 597.71 599.59 351.63 657.04 
Natural gas purchased 301.62 7.23 301.62 301.62 7.34 301.62 
DG technologies (investment and 
variable costs) 
- 
518.76 59.83 59.68 517.61 
- 
Storage technologies - 0.63 0.96 - - 1.69 
CO2 taxation 136.9 95.058 135.9 135.62 94.92 137.43 
TOTAL 1100.52 971.32 1096.02 1096.51 971.5 1097.78 
Savings compared to S1 (‘do nothing’) 
% savings in total cost - 11.74 0.41 0.36 11.72 0.25 
% savings in CO2 emissions - 30.56 0.7 0.93 30.66 -0.39 
6. Results 
The results regarding S1-S6 for equipment investment, on-site generation, electricity storage, annual cost and CO2 
emissions are presented in table 1. In every case the total annual energy demand is the same. This energy is met with 
various ways depending on the scenario. For S2, energy demand follows Eq. (2).  
For ‘do nothing’ case, the annual cost is 1100.52 k€ and total emissions are 9126.17 tn CO2. In terms of 
minimizing total cost, the optimal solution consists of 13 micro turbines (Bowman50) and lead-acid batteries of 
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Fig. 6. CO2 emissions for Scenarios 2 and 3 
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102.7 kWh total capacity. The savings in annual cost are 11.74% compared to the ‘do nothing’ scenario. The 
scenario with the biggest reduction (30.66%) in carbon emissions is S5. This reduction is slightly bigger compared 
to S2; this is because in the second one lead-acid batteries are installed. Electricity storage slightly increases carbon 
emission (9.23 tn for the test year between the cases 2 and 5 and 36 tn between the cases 1 and 6) but also decreases 
the total cost in a low percentage. This is a consequence of purchasing utility electricity during off-peak hours to 
charge the batteries and discharging batteries during on-peak hours. So extra energy is consumed and carbon 
emissions are higher. The impact in cost reduction is very low and so electricity storage is very modest in this study, 
even though a very low storage price (25 €/kWh) is assumed. Observing the results from table 1, it is obvious that 
technologies with CHP capabilities have a serious impact on total cost and emissions and that is why it was possible 
to meet electric and heating loads at the same time without burning any extra fuel. The technologies with built-in 
absorption chiller are not included in the optimal solution due to their high capital cost.   
The model, apart from the optimal solution for the equipment investment, provides an operating schedule of the 
microgrid. In Fig. 2 an example of the operating schedule for meeting the total load of a January week day for S2 is 
presented. In July, because of the different load profile (relatively small heating loads and high cooling loads) the 
cogeneration is less than in January. So, electricity generation is also less and the electricity purchases seem more 
attractive in this month. Natural gas purchases are zero as all the heating load is met from CHP technologies. 
 In this figure, the area below the line of the total load is the energy demand and the area above this line is the 
battery charging, which takes place only in the first hours of the day when the purchased kWh is cheap (off-peak 
hours). Fig. 3 indicates that cogeneration is very intense due to the high proportion of heating loads. CHP units are 
able to cover almost all of the heating loads and so natural gas purchases are minor. The fact that a lot of energy is 
needed to cover the heating loads results in high electricity production and the electricity purchases are low. Cooling 
loads are treated like electric loads because no technologies with absorption chiller are installed.  
In fig. 3-7 the impact of carbon taxation on the installed technologies, the total cost and the carbon emissions for 
scenarios 2 and 3 are observed.  
As carbon tax increases, so does the installed power. This results from the fact that utility purchases cause more 
carbon emissions than on-site generation. Electricity generation in the Greek electricity system is based mostly on 
lignite power plants and in the hotel mainly micro turbines that burn natural gas were installed, which is a more  
  
Fig. 7. Percentage cost increase due to CO2 tax for Scenarios 2 and 3 
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environmentally friendly fuel. By applying the 0.07 €/kg CO2 tax the installed power increases significantly and 
apart from the micro turbines, reciprocating engines and photovoltaic systems are also included in the optimal 
solution. In S3 the installed power is higher as there is the potential of meeting electric and heating loads at the same 
time with the same amount of fuel.  
The effect of carbon tax on emissions, as expected, is a decrease in CO2 emissions. This decrease not significant 
until the 0.07 €/kg tax is applied and becomes more intense thereafter because of PV’s installation. As is the case, 
carbon emissions of S2 (installed CHP technologies) are more reduced compared to S3 (no CHP). In Fig.7 the 
percentage of the increase in total cost derives from Eq. 3, where i is the serial number of the applied carbon tax. 
௧௢௧௔௟௖௢௦௧೔ି௧௢௧௔௟௖௢௦௧೔షభ
௧௢௧௔௟௖௢௦௧೔షభ
ൈ ͳͲͲΨ (3) 
7. Conclusion 
This study is an application of an optimization code in Greek reality. Central power plants have served well so far 
but as years go by, the energy demand increases rapidly and more generations need to be installed. Instead of 
creating new central power plants, the idea of microgrids can be developed. Unfortunately carbon emissions are 
relatively high compared to other studies. This indicates that there is a serious need to upgrade the Greek electricity 
system in order to deliver more ‘green energy’. Plus, by observing the results in table 1 it is easily understood that 
the installation of DG and especially CHP technologies could lead to great reduction in cost and in emissions. The 
results would be different in other tariff structure and loads but the general observation is common. This study is a 
useful tool to evaluate the advantages of microgrids’ development. PQR capabilities and should be accounted in 
future work. 
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